INTRODUCTION
Many animal cell functions depend on the cell's ability to sustain and exert force. Deformability measurements on single cells can help to characterize how structural elements integrate cellular mechanical forces. A new technique called cell poking has been developed for making these measurements (1, 2) . To apply this new approach to a cell system relatively amenable to a mechanical analysis and to compare these results with those already obtained by micropipette aspiration, we chose to investigate the mechaanical properties of osmotically swollen human erythrocytes.
Conceptually the simplest mechanical experiment to perform, dilation of the mammalian red blood cell membrane by osmotic pressure has been investigated for over forty years (3) . More recently, using micropipette aspiration, Evans et al. have carefully measured the elastic area compressibility modulus, K, of the red cell membrane.
They report a value of 28.8 ± 5.0 mdyn/jsm for K at 250C under osmotic conditions similar to those we employ (4) . In addition, they found that immediate lysis occurs for fractional area expansion of -3 ± 0.7%. Subsequently they analyzed the effects of osmotic and hydrostatic pressure gradients created during aspiration (5) . These gradients give rise to reversible movement of water across the cell membrane. Evans and Waugh report that the volumecorrected value of the area modulus is 45 mdyn/,um (5) . In contrast, the membrane elastic shear modulus is much smaller, on the order of lo-3 mdyn/,um as suggested by data from both fluid shear flow (6) and micropipette aspiration experiments (7) . From these experiments it is apparent that in the presence of large isotropic tensions, such as those experienced by osmotically swollen cells, the contribution of elastic shear forces to principal membrane force resultants is small. This paper presents experimental data for the force required to indent swollen erythrocytes. From these data we derive the elastic area compressibility modulus of the red blood cell membrane based on a model developed by Evans and Skalak (8) . We show that under reasonable simplifying assumptions the surfaces that minimize the elastic potential energy function of the cell membrane are also the surfaces that minimize surface area for constant interior volume. We also estimate the maximum fractional area expansion before rapid cell lysis.
Cell Poker A description of a previous version of the cell poker has been published (2) . The instrument used to make the measurements discussed below is illustrated in Fig. 1 . A vertical glass stylus with tip (T) -2 ,im in diameter mounted on a horizontal glass fiber (W) -3 cm in length is used to indent the cell (C). The horizontal fiber is attached to a linear piezoelectric motor (LPM). Optical sensors (MS and TS) monitor the vertical positions of the motor flag (MF) and the tip flag (TF). Cells on a glass coverslip are mounted in a thermostated chamber (TC), controlled to ±0.1°C. The experiment is observed through a microscope fitted with a X 32 Hoffmann modulation contrast objective (MO) and matching condenser (MC).
The horizontal fiber undergoes a vertical displacement in response to a varying voltage applied to the motor. As long as the tip is not in contact with the cell surface the output signals of the two sensors are identical. When contact occurs, the force exerted by the cell on the stylus reduces the stylus' displacement, bending the fiber slightly. From the displacement difference, X, between the tip and motor flags, we calculate the resistive force, Fw, using an independent calibration of the fiber bending stiffness, Kw, according to Hooke's Law, F, = K,X. Elastic moduli and coefficients of viscosity may be extracted with the aid of a mechanical analysis.
THEORY

Background
The equilibrium geometry of an unconstrained cell membrane subject to isothermal, reversible processes must be given by a minimum of a conservative potential energy functional. Evans et al. (8) have shown that, at constant chemical composition, the surface elastic potential is the sum of contributions from isotropic dilation or condensation of surface elements at constant element shape, deformation at constant element area, i.e., shear, local, and nonlocal curvature elastic effects. Due to the LPM thinness of the membrane, the energy associated with bending is negligible except in deformations where the radii of membrane curvature approach the membrane thickness. In addition, Evans and Skalak (8) have demonstrated that the elastic modulus for area change, K, is at least several orders of magnitude greater than that for shear, g. Furthermore, beam deflection experiments of Evans et al. (9) If A # A0 this function is stationary only when the variation in surface area per molecule, A, vanishes. Therefore, the minimum energy geometry of the deformed surface is obtained by solving the variational problem that minimizes surface area at constant volume. Delaunay (11) showed that these solutions are contours of constant mean curvature, where the mean curvature is defined by MK = 1/2(l/R, + 1/R2), R, and R2 being the principal radii of curvature at the point in question.
Appendix A presents a more elaborate mechanical analysis of cell poking using a variational approach similar to that outlined above. This BIOPHYSICAL JOURNAL VOLUME 45 1984 (1) (3) where the first term represents total surface area, the second enclosed volume, and A is a Lagrange multiplier. The boundary conditions are specified in terms of Rt and Rg (Fig. 2) , where Rt equals the radius of contact between the cell surface and the flat-ended cylindrical poker tip and Rg equals the radius of contact between the cell surface and the glass coverslip. Imposing boundary conditions like those shown in Fig. 2 (12) . In ideal liquid jets or cylindrical films, surface oscillations with length-to-cylinder diameter ratios >w tend to grow in amplitude and eventually cause the cylinder to break up into droplets or bubbles (13 (12) As shown in the following section entitled Calculation of the Force Acting on the Poker Tip, the right-hand side of Eq. 12 is proportional to dA /dd, the differential change in surface area as the surface is indented by an amount dd. Thus, when multiplied by -2rT, the unscaled constant of integration, c., has units of force and represents the load exerted by the cell on the poker tip. Numerical results suggest that this relation is also valid for extended surfaces as shown in Fig. 2 A. We note a sign change consistent with our interpretation of c. as a force: c. is greater than zero for extension, zero for the sphere, and less than zero for indentation. For a fixed value of the radius of contact between the cell surface and the probe tip, the limiting values of c. for which real solutions exist correspond to stability limits of ideal surfaces that sustain no shear or bending forces (12 Eq. 4 evaluating first from r = Rt to r = 'y/X (where z = 0) and then from r = 'y/X to r = Rg. Differentiability at y/A is assured by requiring that dr/dz = ± at this point. Fig. 2 where a could be removed from under the integral sign since it is constant over the surface. As explained below, this gives F = T (8A lad).
In the second case we use axial force balance equations as the basis for the derivation. This derivation requires a relation between the extensive force, F, acting on the poker tip, and the intensive force resultant, T, acting on material elements. From the work of Evans 
Since a is assumed to be small, only terms linear in a are retained. We can now calculate the total force acting on the poker tip from the required axial force balance. The force acting on the poker tip can be expressed as F = 2IrRt Tcos4 + AP(rRt'), where 4 is the angle between the z-axis and the tangent to the surface at the boundary of the contact region. However, at equilibrium the force acting in the positive z-direction on the poker tip must equal the force exerted in the negative z-direction by the cell on the glass coverslip. Since at this boundary cos ' = 0, F is given by F = AP (rRg2 Fig. 3 .
We obtain a functional form for Eq. 16 by scaling to the dimensions of a swollen erythrocyte, P& = 3.4 ,um (14) , and interpolating the numerically generated points using a fourth order polynomial. We 
RESULTS
Fig. 4 shows an example of data obtained on a fully swollen erythrocyte. Fig. 4 A illustrates the time course of the vertical displacement of the stylus in the absence of contact between poker tip and cell surface. Fig. 4 Although the theory developed above has only one undetermined parameter, the elastic area compressibility modulus, we must include other parameters in the fit to account for experimental uncertainties in the geometry of the deformation. Since we do not now have an independent, accurate method for determining the coordinates of the cell surface, we use curve fitting to determine the point of first contact, Xo, between the poker tip and the cell. In some cases we must also fit the indentation depth, XA, required to initiate membrane stretching. In these cases, this initial indentation occurs with negligible force because even under osmotic conditions where -80% of the erythrocytes lyse some cells in the population appear to possess initial excess surface area (over that of a sphere of equal volume). Once stretching has begun, however, the geometry of the membrane surface must attain constant mean curvature at equilibrium to achieve minimum potential energy (assuming shear forces are negligible). The total force acting on the poker tip is a function of this initial state of constant mean curvature as well as the instantaneous stretched state. The initial state varies with the surface-to-volume ratio of the unstretched cell. Hence we also vary the initial force, Fo. In contrast to the total force, the incremental force is practically independent of this initial state as discussed below. Thus, given the freedom to translate the axes, every point along the force vs. indentation curve (Fig.  3) , calculated based on a one parameter family of surfaces of constant mean curvature, corresponds to some initial stretched state. Our interpretations of these parameters are supported by available experimental evidence also discussed below. by the distance of the tip from the glass coverslip. Xi-X., in microns, represents a prediction of the predilation indentation depth, i.e., the indentation depth, relative to a neutrally inflated spherical cell of 6.8 ,um, required to achieve membrane stretching and thus to produce the first detectable force increase in our measurement. Appendix B presents a detailed analysis of the logic and assumptions underlying the use of these parameters in constructing a fitting algorithm. As expected, experiments qualitatively indicate that the predilation indentation depth increases as the osmolality of the swelling medium is increased (Table II) . In principle, it is possible to formulate a quantitative test of the predicted value of X1-Xo as a function of osmotic pressure. Assuming constant surface area, one can calculate the predilation indentation depth as a function of cell volume (Fig. 6) . The data of Evans and Fung (14) provide a relation between cell volume and osmotic pressure. Thus, X1-Xo can be BIOPHYSICAL JOURNAL VOLUME 45 1984 Table II lists the values of all fitted parameters resulting from poking experiments conducted at various osmolalities. Fig.  7 A is a histogram of the elastic area compressibility modulus for a population of 36 erythrocytes swollen in 130 mOsm D-PBS. Fig. 7 B is the corresponding probability plot of the distribution function. This modulus had a Gaussian distribution under all osmotic conditions tested. The true value of the elastic area compressibility modulus is likely to be somewhat larger since these data are corrected for neither the reversible movement of water across the cell membrane in response to hydrostatic pressure gradients nor the presence of osmotically damaged cells. The slightly smaller mean K value at 130 mOsm may result from increased osmotic damage to the cells. To determine the uncertainty introduced into the Kvalue distribution function due solely to uncertainty in the fit, we examined the K-value distribution function for theoretical data with imposed noise. Sixty theoretical data curves of 510 points each were generated for fixed values of K, Fo, XO, and Xi. Uncorrelated Gaussian noise with a defined standard deviation was added to each curve. The magnitude of the standard deviation of the imposed noise was chosen to match the average standard deviation of real data, assuming uncertainty only in the force measurement. These theoretical data curves were then fitted according to the standard fitting routine, and the values of the fitted parameters were examined. Table III lists the means, standard deviations, and ranges of the distributions of the fitted parameters. All fitted parameters were normally distributed when a unique fit was achieved. A unique fit occurs when values of all fitted parameters are independent of initial guesses. Two important conclusions concerning the fitting procedure emerge from these data. First, the fitting procedure accurately determines the values of all fitted parameters in cases where a unique fit is attained. The uncertainty in these values is small compared with the uncertainty of the distribution of real data. This suggests that the standard deviation of the K-value distribution function for highly swollen erythrocytes reflects biological variability or low frequency random experimental errors or both. Second, the capacity of the fitting procedure to (5) §howed that the reversible movement of water across the cell membrane in response to hydrostatic pressure gradients leads to small volume changes (-1% of the total cell volume) during the course of deformation. Correcting for these changes increases the value of the apparent elastic area compressibility modulus measured using micropipette aspiration by approximately one-third (5). The extent of water transport across the cell surface depends on the geometry (5) and perhaps on the rate of deformation. In the experiments of Evans et al. (4, 5) the rates of deformation are roughly 10-fold faster than in our measurements. We are uncertain how these differences affect the contribution of water transport to the measured elasticity modulus.
The mechanical behavior of swollen erythrocytes provides information restricting possible structural models of the red cell membrane lamina. The major molecular components of this lamina have been isolated and some of their interactions revealed (17, 18) . Along with electron microscopy, these biochemical studies have produced a picture of the basic molecular organization of the erythrocyte membrane. Underlying and anchored to the fluid lipid-protein bilayer is a meshwork of cytoskeletal proteins. This meshwork consists of a network of spectrin tetramers and higher oligomers interconnected by short actin filaments and band 4.1. While only this skeletal framework appears to sustain shear (4, 18) , both the lipid-protein bilayer and the skeletal framework appear to resist area dilation. For large lecithin bilayer vesicles, Kwok and Evans (19) have shown that the volume-corrected isothermal elastic area compressibility modulus is 14.0 ± 1.6 mdyn/,um. This value is close to the area modulus obtained on erythrocytes in which the spectrin network was partially disrupted by heating the cells to above 500C (4) . These data suggest that the lipid-protein bilayer of the erythrocyte contributes approximately one-third of the total resistive force to area dilation and that the spectrin network contributes the remaining two-thirds. Similar to the lipidprotein bilayer, the spectrin network apparently behaves like a two-dimensional fluid in the presence of large isotropic tensions. The fact that the spectrin skeleton sustains these tensions as a result of only small changes in total red cell surface area suggests that this skeleton does not have much readily accessible excess surface area (over that of the lipid-protein bilayer). This is somewhat surprising since electron micrographs of rotary-shadowed spectrin show the dimer as two loosely intertwined, flexible strands, joined at their ends (20) . One might have expected that a network composed of these long, floppy molecules that assume no rigidly defined morphology in vitro would undergo area expansion under substantially smaller tensions than those required to expand the lipid-protein bilayer.
In contrast, the fact that the spectrin network readily undergoes large deformations at constant surface area is consistent with initial expectations based on spectrin's in vitro morphology. This fact, reflected in the relatively small shear modulus of the spectrin matrix, is also consistent with the possibility that the patterns and properties of the links between cytoskeletal elements primarily determine the shear behavior of this matrix. For example, Koppel et al. (21) have proposed that the spectrin network structure is labile, with cross-links continually breaking down and reforming. The capacity of this network to resist stretching suggests restrictions on possible rearrangements. The network must maintain continuity. In addition, it must not undergo rearrangements between laminae of the matrix since this would permit thinning of the matrix resulting in area dilation without large increases in membrane force resultants.
The success of micropipette aspiration experiments on red blood cells encouraged the development of the cell poker, intended primarily for making quantitative mechanical measurements on adherent nucleated cells. Our eventual goal is to understand the contribution of the exoskeleton, plasmalemma, cytoskeleton, and cytoplasmic organelles to the composite mechanical properties of cells. The relatively simple, well-studied swollen erythrocyte provides a model system for establishing the mechanical basis of our measurements and allows us to compare our results with those of micropipette aspiration. A preliminary comparison suggests the following: First, the results from poking swollen red cells agree reasonably with those from micropipette aspiration. This suggests that the primary structural elements in mature red cells that resist area expansion respond similarly to large pushing and pulling deformations. This might not be true for other cell types if, for example, structural elements deep within the cell contribute to forces resisting indentation or if the plasma membrane separates from the underlying cytoskeletal matrix during aspiration. Second, micropipette aspiration is probably the preferred technique for most measurements of the mechanical properties of the erythrocyte membrane. Small forces over a wide dynamic range are readily applied during aspiration. These forces produce large, visually detectable changes in the geometry of the deformed surface, especially in measurements on nonswollen erythrocytes. Control over applied forces and visualization of cell geometry are easier with micropipette aspiration than with cell poking. This may account for the larger standard deviation in our measurement of the elastic area compressibility modulus. Third, cell poking is probably better suited than micropipette aspiration for making mechanical measurements on adherent, spread cells in culture. Because cell poking utilizes indentation, it avoids possible detachment of the plasmalemma from the underlying cytoskeleton that might result from aspiration into a micropipette. Similarly, adhesion between the cell and the poker tip seems less problematic than adhesion between the cell and the inside of the micropipette (22) . In addition, contributions of some of the intracellular organelles to composite mechanical properties of the whole cell may be more readily detected using cell poking. Furthermore, precise measurement of horizontal fiber deflections (<+ 0.1 ,um) permits force determinations based on small deformations of the unperturbed cell given sufficiently rigid cell structures. These measurements do not depend on visualization of the cell surface. Finally, the design of the poking chamber and direct digital data acquisition make application of cell poking to adherent, spread cells in culture relatively simple. Comparison of results from cell poking on nucleated cells with those of micropipette aspiration may yield important clues concerning how structural components integrate cellular mechanical forces.
APPENDIX A
The purpose of this Appendix is to provide a fuller discussion of some assumptions that underlie the simplified analysis of cell poking presented in the Theory section. Here we derive closed-form expressions for the local deformation field in a poked red-cell membrane. In contrast, the simplified analysis requires and produces only the shape of the membrane. We begin by adopting the model of Evans and Skalak (8) . According to this model the membrane is a two-dimensional elastic structure characterized by a stress-free reference state and an elastic strain-energy density (per unit area in the reference state) where A, and A2 are the principal stretch ratios at a point on the membrane.
In the above equations the deformations should be measured from the stress-free reference state. The two most commonly proposed reference states are the biconcave disk and the neutrally inflated sphere (with the same surface area as the biconcave disk). At present it seems impossible to determine which of these possibilities, if either, is correct (23) , although the former seems more probable. If the biconcave shape is accepted as stress-free, then the calculation of deformations from this state requires rather elaborate numerical procedures (24) . These procedures have indicated that in the transformation from the biconcave disk to the neutrally inflated sphere (a) very small increases in internal pressure are required, (b) the area strain parameter, a, remains essentially zero, and (c) the shear strain parameter, ,B, varies from zero to -0.1 over the membrane surface in the inflated state. For simplicity we have adopted the neutrally inflated sphere as the reference state in the following calculations. This assumption makes it possible to obtain relatively simple closed-form expressions for the complete deformation field of the loaded membrane. If the biconcave disk were the correct stress-free shape, then deformations from the neutrally inflated state would be influenced by the presence of modest initial shear strains in that state. However, we do not expect that this would significantly affect our conclusions with regard to our measurements on swollen erythrocytes that, as this Appendix shows, are dominated by area strain.
With respect to the neutrally inflated sphere of radius Ro, the kinematics of the deformation are illustrated in Fig. 2 (25) . We regard the membrane as an elastic structure undergoing large deformations, and subject to (a) a constant enclosed volume constraint, (b) displacement constraints at the glass coverslip and at the poker tip, and (c) interior pressure loads. Under the constant volume constraint, the pressure loads do no net work so that the potential energy of the system is just the total elastic strain energy of the membrane. The deformation assumed by the membrane at equilibrium will be that which minimizes (subject to the stated constraints) the system's potential energy. where B is a constant of integration, and Eq. A5 and r' = r/z have been used in obtaining this equation. Finally using Eq. A5 and Eq. All it can be shown that the first of equations in Eq. A1O will be satisfied if and only if a is constant throughout the membrane. Given this last fact, a can be factored out of the integral in Eq. A9, at which point it becomes clear that Eq. A9 is equivalent to the problem of minimizing the surface area of the deformed membrane. To put this another way, if we define the scaled variables as x = (R' X/a)r, y = (R' A/a)z, and 2c, = -(R' X/a)2 (B/A), which is negligible for a as low as 0.001, as was assumed a priori.
APPENDIX B
In principle, fitting the predilation indentation, Xi-X., requires a complex recursive algorithm because the force vs. indentation function depends on this parameter in a complex way, i.e., the incremental force is only approximately independent of this parameter. Given the constitutive Eq. 14, the force vs. indentation relation depends only on global area dilation. In turn, area dilation depends on the parameters c, and A. For a fixed value of c,, the scaling parameter A must be determined to satisfy the volume constraint (Eq. 1) and the boundary conditions (Eq. 13). The boundary conditions (Eqs. 1 3a and c) are independent of A. In this range, A depends only on cell volume. The volume is unknown a priori but can be related to the predilation indentation assuming constant surface area (Fig. 6) . Thus, a recursive process could be initiated by providing an initial guess for the volume, then calculating A, scaling the force vs.
indentation function, determining a least-squares fit of Xi-X., relating this value to a revised volume estimate, and finally using this estimate to continue the iteration.
In the range in which the radius of the poker tip relative to the radius of the neutrally inflated spherical cell must be specified, i.e., where the A-dependent boundary condition (Eq. 13b) applies, an even more complicated algorithm would be required. For Fig. 3 ) correspond to indentation by a probe and depend on the functional form of A. Given that we cannot independently measure the initial volume and surface area of each cell with sufficient accuracy and precision to distinguish which curve of this family should be fit to the data, we rely on arguments presented below that suggest that our fitting algorithm nevertheless allows for an accurate determination of the area compressibility modulus.
In practice, the force vs. indentation function, defined in terms of the four variable parameters described above, depends only weakly on cell volume and the A-dependent boundary condition. For nearly fully swollen cells, as used in our experiments, the volume is approximately constant over a wide range of predilation indentation depths (Fig. 7) . In addition, A varies slowly with cell volume, i.e., as the reciprocal of the cube root. This means that errors in A propagate into the force vs. indentation function through the area dilation approximately as errors raised to the two-thirds power. Moreover, the scaled force vs. indentation curve (Fig. 3) is nearly linear over much of the indentation range used in the fit of not fully swollen cells (Fig. 5) . Thus, this portion of the curve is relatively insensitive to changes in scale. We expect larger errors in F. and X. than in K since the offset (X., F.) depends more strongly on the shape of the initial portion of the curve. Finally, only small errors in A result from accepting small deviations in the radius of the poker tip relative to the radius of the neutrally inflated spherical cell. These deviations occur only after the radius of contact reaches the radius of the poker tip, and they depend only on the difference between actual cell volume and the volume of an ideal, neutrally inflated spherical cell. Consequently, these deviations lead to only small deviations solely in the upper portion of the force vs. indentation curve relevant to most of our measurements (indentations >1.1 m).
To support our expectations, we calculated the family of force vs. indentation curves as a function of the initial degree of inflation for an analogous two-dimensional model problem. Over the range of inflation and indentation relevant to our measurements, we found that the upper, higher-load portions of all of these theoretical curves could be made to coincide, approximately, by using the translational freedoms employed in our fitting algorithm. Because these portions primarily determine K we concluded that K could be accurately determined by appropriately fitting the single force vs. indentation curve derived for neutral cell inflation. Therefore, we took the scaling parameter A to be constant. (This was tacitly assumed in Fig. 3 by writing R. in place of the true volumedependent scaling parameter.) Making this assumption greatly simplified the fitting algorithm. We expect the resulting error to be less than the error attributable to experimental uncertainty and biological variability.
